Infrared and Raman spectroscopic characterization of the borate mineral colemanite - CaB3O4(OH)3.H2O - implications for the molecular structure by Frost, Ray et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Frost, Ray L., Xi, Yunfei, Scholz, Ricardo, Belotti, Fernanda Maria, & Cân-
dido Filho, Mauro (2013) Infrared and Raman spectroscopic characteriza-
tion of the borate mineral colemanite – CaB3O4(OH)3·H2O – implications
for the molecular structure. Journal of Molecular Structure, 1037, pp. 23-
28.
This file was downloaded from: http://eprints.qut.edu.au/61336/
c© Copyright 2012 Elsevier B.V. All rights reserved.
This is the author’s version of a work that was accepted for publi-
cation in Journal of Molecular Structure. Changes resulting from the
publishing process, such as peer review, editing, corrections, struc-
tural formatting, and other quality control mechanisms may not be re-
flected in this document. Changes may have been made to this work
since it was submitted for publication. A definitive version was sub-
sequently published in Journal of Molecular Structure, [1037, (2013)]
http://dx.doi.org/10.1016/j.molstruc.2012.11.047
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
http://dx.doi.org/10.1016/j.molstruc.2012.11.047
1 
 
Infrared and Raman spectroscopic characterization of the borate mineral colemanite 1 
– CaB3O4(OH)3.H2O – implications for the molecular structure 2 
 3 
Ray L. Frost
a
, Yunfei Xi
a
, Ricardo Scholz
b
, Fernanda Maria Belotti
c
, Mauro Cândido 4 
Filho
d 
5 
 6 
a
 School of Chemistry, Physics and Mechanical Engineering, Science and Engineering 7 
Faculty, Queensland University of Technology, GPO Box 2434, Brisbane Queensland 8 
4001, Australia. 9 
 10 
b 
Geology Department, School of Mines, Federal University of Ouro Preto, Campus Morro 11 
do Cruzeiro, Ouro Preto, MG, 35,400-00, Brazil 12 
 13 
c 
Federal University of Itajubá, Campus Itabira, Itabira, MG, 35,903-087, Brazil 14 
 15 
d 
Mining Engineer Department, School of Mines, Federal University of Ouro Preto, 16 
Campus Morro do Cruzeiro, Ouro Preto, MG, 35,400-00, Brazil 17 
 18 
19 
                                                 

 Author to whom correspondence should be addressed (r.frost@qut.edu.au) 
P +61 7 3138 2407 F: +61 7 3138 1804 
2 
 
Abstract 20 
Colemanite CaB3O4(OH)3∙H2O is a secondary borate mineral formed from borax and 21 
ulexite in evaporate deposits of alkaline lacustrine sediments.  The basic structure of 22 
colemanite contains endless chains of interlocking BO2(OH) triangles and BO3(OH) 23 
tetrahedrons with the calcium, water  and extra hydroxide units interspersed between these 24 
chains.The Raman spectra of colemanite is characterized by an intense band at 3605 cm
-1
 25 
assigned to the stretching vibration of OH units and a series of bands at 3182, 3300, 3389 26 
and 3534 cm
-1
 assigned to water stretching vibrations. Infrared bands are observed in 27 
similar positions. The BO stretching vibrations of the trigonal and tetrahedral boron are 28 
characterized by Raman bands at 876, 1065 and 1084 cm
-1
.  The OBO bending mode is 29 
defined by the Raman band at 611 cm
-1
. It is important to characterize the very wide range 30 
of borate minerals including colemanite because of the very wide range of applications of 31 
boron containing minerals. 32 
 33 
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Introduction 38 
Approximately 60% of world boron ores are located in Turkey, mainly in Anatolia. Boron 39 
is founds in borates of metals, especially of calcium and sodium [1]. Colemanite is a 40 
common and complex inoborate mineral with general chemical formula given as 41 
CaB3O4(OH)3∙H2O [2].  It crystallizes in the monoclinic system, P21/a space group, with 42 
unit cell parameters a = 8.7712Å, b = 11.247 Å, c = 6.091Å and β = 110.12º [3].  Its crystal 43 
structure contains infinite boron-oxygen chains parallel to the a axis. The chain elements 44 
consist of two BO4 tetrahedra and a ring of the composition [B3O4 (OH)3]
2-
. The chains are 45 
joined to each other laterally by ionic bonds through the Ca
2+
 ions to form sheets extending 46 
parallel to (010). A system of hydrogen bonds involving the hydroxyl groups in the chain 47 
and the water molecules ties the sheets together [4].  Colemanite is usually applied in the 48 
production of boric acid, but it is still used in the production of borax, borax hydrates and 49 
sodium perborates. Nowadays, the productions of boron compounds have increased 50 
because of their demand in nuclear technology, in the glass and ceramic industry, as 51 
abrasive and refractors, in agriculture, among others [1, 5, 6]. In recent study colemanite 52 
ore waste was applied in the Portland cement production [7].  In the environmental 53 
sciences, the mineral was applied in the water treatment [8]. 54 
 55 
In the borate-producing countries, the borate ore deposits were formed by a supergene type 56 
of deposition and comprise low to moderately water-soluble borate salts. Boric acid and 57 
borate salts enrichments of supergene type occur within these environments: (a) volcanic 58 
emanations and hot springs; (b) marine evaporates; (c) recent playas, pan and saline flats in 59 
hot arid climates; (d) recent saline-alkaline lakes in cold arid climates; and (e) Tertiary 60 
through Pleistocene saline-alkaline lake deposits. The three most important borate deposits 61 
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belong to the latter type of deposit, where we found volcanically derived material 62 
contributing to the composition of the borates and their host rock [9]. 63 
 64 
The name colemanite was given by the discoverer of the mineral in honor of William T. 65 
Coleman, who has been identified with the borax interests of the Pacific Coast from the 66 
commencement [10]. Despites the type locality in Furnace Creek District, colemanite was 67 
described from a number of localities, including Kirka and Bigadiç deposits in Turkey, 68 
Loma Blanca and Esperanza deposits in Argentina [11] and Millstream deposits in Canada 69 
[12].   70 
Vibrational spectroscopy has been applied to borate glasses [13-16]. There have been a 71 
number of studies of borate glasses doped with a wide range of radioactive atoms [17, 18]. 72 
Borate glasses are used as a means of containment of radioactive materials.  There have 73 
been a number of studies looking at the effect of radiation on borate glasses [19, 20]. If 74 
there is to be an understanding of borate glasses and their role in radioactive element 75 
containment, then an understanding of the vibrational spectroscopy of borate minerals 76 
needs to be undertaken. The number of vibrational spectroscopic studies of borate minerals 77 
is quite few and far between [21-24]. The number of Raman studies of borate minerals is 78 
also very limited [25, 26].  There have been a number of infrared studies of some natural 79 
borates [27-30]. Most of these references are not new and there have been no recent studies 80 
on the vibrational spectroscopy of natural borates.  Ross in Farmer’s treatise reported the 81 
infrared spectra of several borate minerals  [31]. The use of infrared spectroscopy is limited 82 
by the spatial resolution of the technique which is around 25 microns. In comparison, the 83 
spatial resolution using Raman spectroscopy is 1 micron. Thus, when studying a mineral 84 
using spectroscopic techniques it is advantageous to use Raman spectroscopy. The selection 85 
of the target mineral is more easily made. With infrared spectroscopy, any impurities will 86 
be measured as well as the target mineral.  87 
 88 
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Raman spectroscopy has proven most useful for the study of secondary minerals [26, 32-89 
37]. To the best of the authors’ knowledge, there have been very few vibrational 90 
spectroscopic studies of borate minerals [38-42].  A Raman and infrared spectrum of 91 
colemanite may be found on the RRUFF data base at 92 
http://rruff.info/colemanite/display=default/R050102, however, no interpretation is given. 93 
Raman studies of this natural mineral have been forthcoming.  The objective of this paper is 94 
to report the vibrational spectroscopic study of a natural colemanite mineral and relate the 95 
spectra to the molecular chemistry and the crystal chemistry of this borate mineral. We 96 
have characterized colemanite using Raman and infrared spectroscopy. 97 
 98 
Experimental 99 
Samples description and preparation 100 
The colemanite sample studied in this work was obtained from the collection of the 101 
Geology Department of the Federal University of Ouro Preto, Minas Gerais, Brazil, with 102 
sample code SAA-130. The sample is from the type locality for the mineral, the Inyo Co., 103 
located in the Death Valley, California USA. 104 
 105 
The borate mineral deposit in the Death Valley are related to the Miocene-Pliocene Furnace 106 
Creek Formation, deposited in marginal lacustrine and lacustrine environments in an 107 
extensional setting. The bedded borate facies comprises bodies of borate, mainly 108 
colemanite. Other minerals are ulexite, probertite, gypsum and anhydrite (Tanner 2002). 109 
 110 
The sample was gently crushed and the associated minerals were removed under a 111 
stereomicroscope Leica MZ4. The colemanite sample was phase analyzed by X-ray 112 
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diffraction. Scanning electron microscopy (SEM) was applied to support the mineralogical 113 
chemical 114 
 115 
Scanning electron microscopy (SEM) 116 
Experiments and analyses involving electron microscopy were performed in the Center of 117 
Microscopy of the Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais, 118 
Brazil (http://www.microscopia.ufmg.br). 119 
Colemanite single crystal was coated with a 5 nm layer of evaporated Au. Secondary 120 
Electron and Backscattering Electron images were obtained using a JEOL JSM-6360LV 121 
equipment. Qualitative and semi-quantitative chemical analysis in the EDS mode were 122 
performed with a ThermoNORAN spectrometer model Quest and was applied to support 123 
the mineral characterization. 124 
 125 
Raman microprobe spectroscopy 126 
Crystals of colemanite were placed on a polished metal surface on the stage of an Olympus 127 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope 128 
is part of a Renishaw 1000 Raman microscope system, which also includes a 129 
monochromator, a filter system and a CCD detector (1024 pixels). The Raman spectra were 130 
excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised light at 131 
633 nm and collected at a nominal resolution of 2 cm
-1
 and a precision of ± 1 cm
-1
 in the 132 
range between 200 and 4000 cm
-1
. Repeated acquisitions on the crystals using the highest 133 
magnification (50x) were accumulated to improve the signal to noise ratio of the spectra. 134 
Raman Spectra were calibrated using the 520.5 cm
-1
 line of a silicon wafer.  The Raman 135 
spectrum of at least 10 crystals was collected to ensure the consistency of the spectra.  136 
 137 
7 
 
Infrared spectroscopy 138 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 139 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 140 
obtained by the co-addition of 128 scans with a resolution of 4 cm
-1
 and a mirror velocity of 141 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.   142 
 143 
Spectral manipulation such as baseline correction/adjustment and smoothing were 144 
performed using the Spectracalc software package GRAMS (Galactic Industries 145 
Corporation, NH, USA). Band component analysis was undertaken using the Jandel 146 
‘Peakfit’ software package that enabled the type of fitting function to be selected and 147 
allows specific parameters to be fixed or varied accordingly. Band fitting was done using a 148 
Lorentzian-Gaussian cross-product function with the minimum number of component 149 
bands used for the fitting process. The Gaussian-Lorentzian ratio was maintained at values 150 
greater than 0.7 and fitting was undertaken until reproducible results were obtained with 151 
squared correlations of r
2
 greater than 0.995. 152 
 153 
Results and discussion 154 
Chemical characterization 155 
The SEM image of colemanite sample studied in this work is shown in Figure 1. 156 
Colemanite crystal shows a prismatic form. Qualitative chemical composition shows a 157 
homogeneous phase, composed by Ca with minor amounts of Si. Due to the low energy 158 
emission, boron was not detected. 159 
 160 
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 162 
Figure 1a shows a backscattered electron image (BSI) of a colemanite single crystal up to 163 
2.0 mm in length. Figure 1b shows EDS spectra of colemanite. 164 
 165 
Spectroscopy 166 
The Raman spectrum of colemanite over the 100 to 4000 cm
-1
 spectral range is displayed in 167 
Figure 2a.  Significant intensity is observed in the OH stretching region and there are large 168 
parts of the spectrum where no intensity is observed. The spectrum is therefore subdivided 169 
into sections depending upon the type of vibration being studied. The infrared spectrum 170 
over the 500 to 4000 cm
-1
 spectral range is illustrated in Figure 2b.  Strong intensity is 171 
observed in the OH stretching region and in the BO stretching region. Since there are large 172 
parts of the spectrum where no intensity is observed, the infrared spectrum is subdivided 173 
into sections as a function of the type of vibration.   174 
 175 
The Raman spectrum over the 800 to 1400 cm
-1
 spectral range is given in Figure 3a.  As 176 
Ross rightly points out the spectra of borate minerals depends heavily on the possible 177 
anions in the mineral [31]. The coordination polyhedron around the boron atom will be 178 
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either a triangle or a tetrahedron.  In the case of colemanite, the structure consists of linked 179 
triangles and tetrahedra. Thus for colemanite, the vibrational spectra of both structural units 180 
will be observed. The spectra of colemanite are complex especially in the infrared 181 
spectrum. This is caused by the observation of bands due to four different coordination 182 
polyhedra namely BO3
3-
, B(OH)3, BO4
5-
, and B(OH)4
-
.  The Raman spectrum of colemanite 183 
shows a very intense Raman band at 1084 cm
-1
 with a shoulder at 1065 cm
-1
. This band is 184 
assigned to the trigonal symmetric stretching mode. The two bands at 876 and 892 cm
-1
 are 185 
attributed to the symmetric stretching mode of the tetrahedral boron.  A series of bands are 186 
found between 1200 and 1500 cm
-1
. According to Ross [31] (page 220 of this reference), 187 
bands between 1300 and 1500 cm
-1
 are due to the antisymmetric stretching modes of 188 
trigonal boron. Raman bands are observed at 1154, 1257, 1301 and 1323 cm
-1
. This concept 189 
is perhaps confirmed by the intensity of the infrared bands in the 1300 to 1500 cm
-1
 region 190 
(Figure 6b).   191 
 192 
The infrared spectrum of colemanite in the 500 to 1200 cm
-1
 spectral range is provided in 193 
Figure 3b. The infrared spectrum shows much greater complexity than the equivalent 194 
Raman spectrum.  The infrared bands at 1019 and 1044 cm
-1
 are the equivalent of the 195 
Raman bands at 1065 and 1084 cm
-1
, attributed to assigned to the trigonal symmetric 196 
stretching mode. The intense infrared bands at 887 and 933 cm
-1
 with shoulder bands at 197 
838, 856 and 958 cm
-1
 are considered to be water librational (restricted rocking motions) 198 
bands. Equivalent Raman bands were observed at 970 and 988 cm
-1
.  The infrared spectrum 199 
of colemanite shows complexity in the 650 to 800 cm
-1
 with many infrared bands being 200 
observed.  Infrared bands are found at 669, 674, 692, 718 and 731 cm
-1
. These bands may 201 
be assigned to the out-of-plane BOH bending modes.   202 
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 203 
The Raman spectra in the 300 to 800 cm
-1
 spectral range and in the 100 to 300 cm
-1
 spectral 204 
region are displayed in Figures 4a and 4b. The first figure is dominated by a very intense 205 
Raman band at 611 cm
-1
. This band is attributed to the bending mode of trigonal and 206 
tetrahedral boron.  Other Raman bands of low intensity are observed at 654, 565, 669 and 207 
684 cm
-1
 which may also be attributed to this vibrational mode.  The Raman bands at 745 208 
and 788 cm
-1
 may be assigned to the out-of-plane BOH bending modes.  The Raman bands 209 
at 309, 325 and 388 cm
-1
 are attributed to CaO stretching and bending vibrations. Raman 210 
bands are observed in the 100 to 300 cm
-1
 spectral range and are simply described as 211 
external vibrational modes.  212 
 213 
The Raman spectrum in the 2600 to 4000 cm
-1
 spectral range is reported in Figure 5a.  214 
A very sharp intense Raman band is observed at 3605 cm
-1
 and is assigned to the OH 215 
stretching vibration. Raman bands are observed at 3069, 3182, 3300, 3389 and 3534 cm
-1
. 216 
These bands are attributed to water stretching vibrations. A somewhat similar spectral 217 
pattern is observed for the infrared spectrum (Figure 5b).  A sharp infrared band is found at 218 
3600 cm
-1
 and is assigned to the stretching vibration of OH units. A series of broadish 219 
infrared bands are observed at 2846, 3040, 3154, 3230, 3305, 3423 and 3532 cm
-1
. These 220 
bands are assigned to water stretching vibrations. The basic structure of colemanite 221 
contains endless chains of interlocking BO2(OH) triangles and BO3(OH) tetrahedrons with 222 
the calcium, water molecules and extra hydroxides interspersed between the chains.   223 
 224 
The Raman spectrum over the 1400 to 1800 cm
-1
 spectral range is displayed in Figure 6a.  225 
The infrared spectrum over the 1200 to 1800 cm
-1
 region is reported in Figure 6b. The 226 
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Raman spectrum shows a band at 1603 cm
-1
 assigned to the water bending mode. The 227 
spectrum perhaps suffers from a lack of signal. This, however, is not unexpected as water 228 
has a very low Raman scattering cross section.  The infrared spectrum in this spectral 229 
region shows a band at 1610 cm
-1
 with a second component at much higher wavenumbers 230 
at 1690 cm
-1
.  231 
 232 
 233 
Conclusions 234 
There are many borate minerals which have yet to have their vibrational spectra determined 235 
and their molecular structure assessed in terms of their vibrational patterns. In this work, we 236 
have measured the Raman and infrared spectrum of colemanite CaB3O4(OH)3∙H2O over the 237 
complete spectral range. The basic structure of colemanite contains endless chains of 238 
interlocking BO2(OH) triangles and BO3(OH) tetrahedrons with the calcium, water  and 239 
extra hydroxide units interspersed between these chains. This means that both trigonal and 240 
tetrahedral borate exists in the structure of the mineral. This structure determines the 241 
vibrational spectra of colemanite. 242 
The mineral colemanite is characterized by a very intense sharp band at 3605 cm
-1
 243 
attributed to the stretching vibration of OH units. Associated with this stretching vibration 244 
are the BOH out-of-plane bending modes found in the 740 to 800 cm
-1
 spectral region and 245 
the in-plane bending modes observed by Raman bands the 1300 to 1500 cm
-1
 spectral 246 
range.  Both the Raman and infrared spectra of colemanite are characterized by multiple 247 
water stretching bands indicating that water plays an important role in the structure of 248 
colemanite.  249 
It is important to characterize the wide range of boron containing minerals because of their 250 
uses in a very wide range of applications. 251 
 252 
 253 
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